The principal aim of our research was to develop theoretical models for estimating stability constants of coordination compounds, focusing on chelates of heavy metals, Cu(II) and Ni(II), with bioligands (amines, amino acids and peptides). We tried to solve the problem using graph-theoretical models. We also encountered a specifi c problem for coordination compounds -the choice of the constitutional formula, that is graph, of the complex species.
very simple and useful in predicting many molecular properties. These are called topological indices.
The fi rst topological index was Wiener's "path number", now known as Wiener index or Wiener number (W), which was used in 1940's to estimate the boiling points of alkanes (3) . From these times the number of topological indices has grown enormously, as well as their application. In 1983, Trinajstić presented about two dozen topological indices (4) , and at present there are more than a thousand topological indices of various complexity (5) . They were successfully used for predicting many properties like density, viscosity, boiling temperature, solubility, refractive index, molar heat capacity, and standard Gibbs energy of formation (6) (7) (8) (9) .
Despite wide application, nobody has systematically used topological indices to estimate the stability of coordination compounds. The reason may be that topological analysis traditionally belongs to organic chemistry or that coordination chemists have always been skeptical about molecular graph theory, which seems to be "too primitive" to cope with such a complex problem. Moreover, skepticism of graph theory among quantum chemistry-oriented chemists is notorious, even in its application to well-defi ned problems (10), so there is small wonder that we had to overcome many obstacles to publish our results.
PROBLEMS
Stability constants of coordination compounds (K n , β n ) 2 depend on many factors, which generally should be classified as electronic (strength of metal-ligand bonds), stereochemical (the shape of coordination polyhedron), sterical (sterical interactions between atomic groups in a molecule), and solvation interactions (interactions of a ligand, metal, and complex with solute). In addition to qualitative rules such as Irving-Williams order (11) and hard-soft acid-base (HSAB) principle (12) that mostly express electronic infl uences, computation of sterical effects has widely been relying on molecular mechanics (MM). We used molecular-mechanics calculations to estimate entioselectivity effects for copper(II) chelates with N-alkylated amino acids (13, 14) and to estimate the diastereoselectivity effect for the complexes of epimeric amino acids threonine and isoleucine (15, 16) . Molecular mechanics was also applied for the calculation of difference in the stability of related chelates (17, 18) .
There are not many molecular descriptors in use in coordination chemistry. Usually, the researchers try to correlate stability constants to each other and to the protonation constants of the ligands (19, 20) . We used overlapping-sphere (OS) volumes as molecular descriptors for copper(II) and nickel(II) chelates (21) (22) (23) . Stability constants of complexes of 63 ligands and 14 lantanoides were estimated using many descriptors, but, unfortunately, they were not used systematically (24) .
Difficulties in applying topological indices to estimate stability constants stem from the fact that the constitutional formula (i.e. molecular graph) of a coordination compound is not as well defi ned as of an organic compound. The exact structure of a complex species in a solution is seldom known, as is the nature of chemical bonding. Even in the solid state, a molecule of a coordination compound has "weak" and "dubious" bonds and many sterical interactions that are not easy to defi ne. There is also a problem of coordination polyhedron plasticity, leading to distortion isomerism (25) , not to mention problems with conformers and "classical" stereoisomers. As graph-theoretical methods do not explicitly deal with 3D structures, theoretical results are much more sensitive to sterical effects than in the case of organic compounds, for which these effects are less complex.
SOLUTIONS
The use of topological indices in QSPR analysis of organic compounds follows these steps: 1) construct molecular graphs, 2) correlate indices derived from graphs with experimental values, 3) choose the best indices, and 4) try to improve the results doing multiple regression by combining the indices.
This simple scheme hardly works for coordination compounds because it is not at first clear which molecular species should be used as a basis for the graph. Also, due to paucity of experimental data, it is not always allowed to apply multiple regression or use any function but linear. As the number of suitable graph-theoretical indices is limited (see below), the only real possibility to improve the model is to modify the constitutional formula, i.e. graph, of the complex species. In doing so, the researcher has to bear in mind that the graph always has to truthfully refl ect real interactions in a molecule, and not serve as a mere tool for improving statistical parameters in a regression.
Infl uence of constitutional formula
In our fi rst applications of the graph-theoretical method for the estimation of stability constants of copper(II) chelates with amino acids and their N-alkylated derivatives (26, 27) , we came to two important conclusions: (1) the best topological index is the valence-connectivity index of the 3 rd order ( 
χ
v . Values of log K 1 for Cu(II) chelates with naturally occurring amino acids were correlated to the respective connectivity indices, yielding S.E. cv about 0.11 (28) . Moreover, we did correlations on sets consisting of complexes of both Cu 2+ and Ni 2+ by introducing indicator variable, i.e. by imposing the condition that regression lines for two metals have to be parallel (22) . These regressions were also used as calibration lines for estimating stability constants for complexes with fructose-amino acid adducts, yielding rms(log K 1 ) of 0.22 and 0.27 for Cu(II) and Ni(II) complexes, respectively (29) . Using the indicator variable, log K 1 of eight Cu(II) complexes with diethylenetriamines and log β 2 of their 18 mixed complexes with amino acids were successfully correlated (30) .
Another way to use multiple linear regression is to use 3 χ v of molecular segments (28) . To calculate log β 2 for mixed Cu(II) chelates with amino acids (MLA), we applied the bivariate function with variables
To model these complexes, we used functions of even higher complexity (31):
where the second and the third term were introduced for modelling interactions between chelate rings. By virtue of these functions, better estimates for both binary and ternary complexes were obtained, and Eq. 1 made possible direct calculations of log K 2 .
Figure 1 Four kinds of graphs used to estimate stability constants of coordination compounds. Example: M=Cu(II), L=N-butyldiaminoethane (28)
A comparison of the correlation coeffi cients of regressions of the fi rst (log K 1 ) and overall stability constant (log β 2 ) for three sets of Cu(II) complexes with diamines, N-alkylated glycines, and amino acids shows that a more realistic representation of molecular structure yields better r values (Figure 2) . Generally, a model based on the graph of the ligand (L) proved worst, and ML aq and ML cor models proved equivalent. However, cor models should only be used for amino-acid chelates, as these models better describe interactions between side chains and/or their interactions with the central atom.
Infl uence of the form of regression function
To estimate stability constants of coordination compounds with the graph-theoretical method, we would usually use univariate linear regression with (28) A similar way to develop a multivariate function was tested on Cu(II) and Ni(II) chelates with dipeptides (32) and higher peptides (from tripeptides to pentapeptides) (33) . The graph of a molecule was divided into subgraphs, each representing one chelate ring. Valence connectivity index of each chelate ring, 3 χ v (r 1 ), 3 χ v (r 2 ), etc. (Figure 3 ) should be treated as an independent variable in linear regression (32, 33) . However, this is not practical, for the number of regression parameters depends on the number of amino-acid residues. Thus, we introduced the function:
where r 4 denotes (4 th and higher) amino-acid residue(s) which is/are not coordinated to central atom.
CONCLUSION
Our research shows that despite their "simplicity", models based on graph-theoretical indices provide a fair (rms <0.3, max. error <0.5) estimation of the stability constants of coordination compounds. However, these models are not easy to develop because for each system specifi c infl uences have to be modelled. This means that there is no general QSPR model for the estimation of stability constants of coordination compounds from topological indices. 
